Variousstudies indicate theexistence of non-Fourier visualmechanisms thatcanextractnonIuminance cues (e.g.,contrastmodulation) as well as a Fouriermechanism thatdealswith luminance variationonly.We comparedthe patterndiscrimination performance of the nonFouriermechanism withthatof theFouriermechanism by usingorientation discrimination and spatial-frequency discrimination tasks.The Fourierpatterns usedwere D6s,the sixthspatial derivative of a Gaussianfunction multiplied by anotherGaussianfunction in theorthogonal dimension. Thecorresponding non-Fourier patterns wereD6contrast-modulated cosine gratings. Our resultsshoweda similartrendfor thenon-Fourier andtheFourierperformance at various peakspatial-frequencies or orientations of D6.However, thediscrimination threshold-of thenonFouriermechanism wasabouttwo-foldhigherthanthatof theFouriermechanism. Theoblique effect wasalsostronger fornon-Fourier patterns. In addition, worseperformance fornon-Fourier patterns at shortstimulus durations (around33.3msec)wasconsistent withtheprediction of the two-stage non-Fourier model, which requires moretimefortheadditional rectification andfiltering operations.
INTRODUCTION
It has been demonstrated that human observers can use non-luminancecues as well as luminancecues to extract contour informationwhich then can be used as the basis of further processing. For example, contours are clearly perceived when there are discontinuities in contrast, orientation, phase, spatial-frequency,or texture, as well as luminance. By using patterns with periodic variations in contrast ('beats'), Derrington and Badcock (1985) further showed that this non-luminanceinformationwas capable of influencingour motion percept, and was not detected by the same mechanisms that detect gratings with luminance variations. Much other related research has been done in motion perception (e.g. Chubb & Sperling, 1988 Turano & Pantle, 1989; Derrington et al., 1993) . The phenomena discoveredcould be explainedby the model proposedby Wilson and his colleagues (Wilsonet al., 1992; Wilson& Kim, 1994) which uniquely includestwo parallel motion pathways corresponding to the Fourier and the nonFourier motion pathways described by Sperling (1988, 1989 of Fourier energy produced by the luminance variation, the non-Fourier pathway, modeled as containing two filteringstages with a rectificationbetween them, locates other non-luminancevariations. As illustrated in Fig. 1 , non-Fourierpatterns are first processed by the first-stage filters which are thought to be like those in the Fourier pathway or physiologicallythe receptive fieldsof simple cells in V1. Then, the response is rectified. The rectification can be accomplished by pooling the responses from the on-and off-center visual units. Thẽ final filtering stage employs a larger filter to the rectified response.This processhas been suggestedto occur in V2, as supported by the discovery of von der Heydt et al. (1984) and von der Heydt and Peterhans (1989) . They found a class of neuronsin V2 that respondedto the locus and orientationof texture boundariesbut did not respond to the properties of the texture elements. Although only one type of second-stagefilter was shown in Fig. 1 , it is not necessary that there is only one kind of second-stage filter connected to a certain kind of first-stagefilter. The orientation and spatial-frequency of the second-stage filters might cover a range for each first-stagefilter. Evidence for similar non-Fourier processing has also been reported in other visual perceptual tasks, such as curvature and separation discrimination (Wilson & Richards, 1992) , texture or region segregation (Bergen & Landy, 1991; Graham et al., 1992 Graham et al., , 1993 Sutter & Graham, 1994) , and stereo perception (Lin & Wilson 1995; Sato & Nishida, 1993 Wilcox & Hess, 1995 , 1996 Hess & Wilcox, 1994) . Compared to these findings, however, fewer attempts have been made to elucidate the more basic characteristics of the nonFourier mechanism. Vogels & Orban (1987) have compared the orientation discriminationthresholdsfor real lines (Fourier patterns) and illusory contours(non-Fourierpatterns). They found the orientation discrimination threshold of illusory contours was higher than that of real lines by less than a factor of two. Meridional variations of performance with illusory contours, similar to but smaller than that obtainedwith real lines,were also reported.In the present study, we used bandpass stimuli and two tasks (orientation discriminationand spatial-frequencydiscrimination) to compare the pattern discriminationperformanceof the non-Fouriermechanismto that of the Fouriermechanism. The Fourierpatterns used here were D6s, the sixth spatial derivative of a Gaussian function multiplied by a single Gaussianfunction in the orthogonaldimension [ Fig. 2(a) and (b)]. The corresponding non-Fourier patterns were formed by contrast-modulatedcosine gratings with a D6 modulating envelope [Fig. 2(c) and (d)]. As there is no luminancechange across contrast-modulatingenvelopes, the Fourier mechanism cannot contribute to their detection, but the non-Fourier mechanism can. As applied to the two-stage non-Fourier model described above, the high frequency cosine gratings would be detected by the first-stagefilter,while the D6 modulating envelope would be detected by the second-stage filter receiving the fullwave-rectified(or squared) response of the first-stagefilter as its input.
As the Fourier pattern discrimination performance is dependent on the orientation and spatial-frequency of patterns (Vogels & Orban, 1987; Heeley & Timney, 1988; Heeley et al., 1989; Burr& Wijesundra, 1991) ,it is very interesting to see whether the non-Fourier pattern discriminationperformance has similar trends. Discrimination increment thresholds, thus, were measured for various spatial-frequencies of either D6 or cosine gratings, and oblique effects for both stages were examined.
We also investigated the effect of the stimulus presentation time on discrimination performance. As predicted by the two-stage non-Fourier model (see Fig.  1 ), the additional processes for rectification and the second-stagefiltering should require a longer processing time for the non-Fourier mechanism than that for the Fourier mechanism. Therefore, as the stimulus presentation duration is reduced, the response of the nonFourier system will become weak, and the performance should become worse. Both Yo and Wilson (1992) and Wilson and Mast (1993) demonstrated a dependency of perceived motion direction on stimulus duration, which was consistent with a reduction in strength of the nonFourier motion signal at brief durations. Derringtonet al. (1993) provided additionalsupportby showing degraded direction discrimination performance for non-Fourier motion, rather than Fourier motion when duration was reduced. Similarly, Sutter and Graham (1994) showed degradationfor texture segregationdependingon activity in complex channels(non-Fouriersystem)but not for that depending on activity in simple channels (Fourier system) at brief durations.
The results of the present study revealed higher thresholds for the non-Fourier mechanism than for the Fourier mechanism, by a factor of about 2.3 for an orientation discrimination task and 1.4 for a spatialfrequency discrimination task. The dependency of nonFourier discriminationperformance on spatial-frequency and orientation was similar to that of Fourier pattern discrimination.For orientationdiscrimination,thresholds decreased with increasing spatial-frequency, and there was an oblique effect. For spatial-frequencydiscrimination, the thresholdsmoderatelyincreased as the reference spatial-frequency increased. In addition, by comparing the performance of non-Fourier patterns with different carriers (cosine gratings),we found the spatial-frequency of the carrier, within the range we have examined,had no effect on the non-Fourierorientationdiscriminationtask, but there was an oblique effect. Finally, our results demonstrated a worse performance of the non-Fourier mechanism at brief stimulus presentation durations, which provided evidence that is consistent with the prediction of the two-stage non-Fouriermodel.
METHODS
Patterns were generated by a Macintosh II computer and displayedon a Macintoshmonochromemonitorwith an 8-bit gray scale. The monitor had a 640 pixel wide by 480 pixel high spatialresolutionand subtended8.2 by 6.1 deg at the viewing distance of 1.5 m. The mean luminance was 42 cd/m2, and the surrounding screen was maintained at this value for all patterns. In addition, as shown in Fig. 2 , the non-Fourier patterns were generated within a 3.2 deg diameter circular area.
There are several advantagesof using D6s as stimuli. For instance,a D6 is spatiallylocalized,which may avoid the influenceof inhomogeneityacross the retina. Also, a D6 is spectrally band-limited to 1.0 octave at half amplitude, which can optimally stimulate the receptive field. The luminance profile of a vertically oriented D6 [ Fig. 2 (a)] can be defined as:
where cD6 1Sthecontrast, L~~~ĩs the mean luminance, and D6 is the formula of the sixth spatial derivative of a Gaussian multipliedby another Gaussian in the orthogonal dimension. Mathematically, the derivatives of a Gaussian function can be expressed as the product of a Gaussian and a Hermite polynomial(see Swanson et al., 1984 for details) . When multiplied by another Gaussian in the orthogonaldimension,the result is:
where crXand OY are the space constants for the differentiated Gaussian and the orthogonal Gaussian, respectively.The space consta~tin the x direction (ox)is given by the formula cr. = -with the peak spatialfrequency (OPe,~)of the D"?%eing specified. For all patternsin this study,the space constantOY was chosen to be 0.74 deg. The luminance profile of non-Fourier D6 patterns may be described as follows:
where CNFis the contrastof the D6 contrastmodulator,O and co~~ãre the orientation and the spatial-frequencyof the cosine gratings, respectively. In the first set of experiments, the orientation and spatial-frequencydiscriminationperformanceof the nonFourier mechanism was compared with that of the Fourier mechanism at different spatial-frequencies.We measured the orientation discrimination thresholds for peak spatial-frequenciesof 1, 3, and 6 cpd D6s at the vertical reference angle.The contrasts,CD6and CNFwere 1. The cosine grating for non-Fourierpatterns was set at 12 cpd and horizontallyoriented. Stimuliwere presented at a 500 msec duration. Spatial-frequencydiscrimination thresholds were also measured under the same stimulus conditions.
To test the prediction of poorer performance for the non-Fourier pathway at brief durations, we measured discrimination thresholds of one Fourier and one nonFourierpattern at two shorterdurationtimes.The patterns chosen had a peak spatial-frequency of 3 cpd, and the durationswere 33.3 and 100 msec. A control experiment was designed to rule out the possibleimpact of the lower apparent contrast of the non-Fourier patterns. In this control experiment, the pattern contrasts (CD6and CNF) were adjusted to be the same multiple of their detection thresholds.
In addition, the oblique effect for orientation discrimination was measured on two subjects by using 3 cpd peak spatial-frequency D6 patterns. The D6 orientation was 45 deg, but the other stimulusconditionswere all the same as those of the firstset of experiments[see Fig. 2(b) and (d)]. Finally, to examine the influence of the first stage filter on the non-Fourierorientationdiscrimination, we either rotated the cosine grating to 45 deg for a 3 cpd D6 non-Fourierpattern or reduced the spatial-frequency of cosine gratings to 4 cpd for a 1 cpd D6 non-Fourier pattern (Fig. 3) .
One author (LML) and two naive volunteers served as subjects for the experiments. During experiments, subjects sat in a nearly dark room with heads positioned on a chin rest. Subjects all had normal or corrected-tonormal vision and used their preferred eye to view the display monocularly with the other eye covered by an opaque occluder. The viewing distance was set at 1.5 m.
The performance was measured by the method of constant stimuli combined with a two-interval-forcedchoice paradigm. Subjectsinitiated each trial by pressing the start button. In each individual trial, one reference pattern and one test pattern were sequentially presented in random order. The subject's task was to indicate the intervalwhich contained the test pattern: a clockwise tilt relative to vertical for orientation discrimination, or a higher spatial-frequencyfor spatial-frequency discrimination. The subject indicatedthe responseby pressing an appropriate key. Four test patterns dependent on the reference condition and subjects were chosen for each reference pattern, and each test pattern was presented 25 times. Thus, there were 100 total trials per running session.Thresholdswere measured at least twice for each stimuluscondition. No feedback was provided.
The percentages of correct responses to the four test patterns were calculated as a function of orientation or spatial-frequencyincrements. The data were then fitted with a Quick function (Quick, 1974 ) by using a maximum-likelihoodestimation procedure. The discrimination threshold was defined as the increment value higher than that of Fourier patterns.
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RESULTS

Fourier and non-Fourier pattern discrimination compared at variousD6 spatial-frequencies
In the first set of experiments, pattern discrimination performance was measured for vertical Fourier and nonFourier D6s with peak spatial-frequenciesof 1, 3 and 6 cpd. Figure 4 shows the orientation discrimination thresholds of Fourier (solid circles, dashed lines) and non-Fourier (open circles, solid lines) patterns for three subjects and their average as a function of D6 peak spatial-frequency. For all subjects and for all D6 peak spatial-frequencies, the discrimination performance of non-Fourier patterns was poorer than that of Fourier patterns by a factor that ranged from 1.4 to 3.3. On average, the orientation discriminationthreshold of nonFourier patternswas 2.3 times higher than that of Fourier patterns. All subjects showed an improvementin Fourier orientation discrimination as D6 peak spatial-frequency increased. However, while the non-Fourier orientation discrimination thresholds of two subjects (LML, PLH) showed a similar trend, that of the other subject (TAC) showed a different (dipper) shape.
The results for spatial-frequency discrimination, expressed as Weber fractions, are shown in Fig. 5 . The discrimination performance of non-Fourier patterns (open circles, solid lines) was poorer than that of Fourier patterns (solid circles, dashed lines) by a factor that ranged from 1.2 to 1.6 for peak spatial-frequenciesof 1 and 3 cpd. At the peak spatial-frequencyof 6 cpd, the Fourier and the non-Fourier spatial-frequency discrimination thresholdswere very similar. In addition,both the Fourier and the non-Fourier spatial-frequency discrimination thresholds of two subjects (LML, PLH) moderately increased with D6 peak spatial-frequency. However,the spatial-frequencydiscriminationthresholds of the other subject (TAC) were relatively constant. On average, the spatial-frequencydiscriminationthresholds of both Fourier and the non-Fourier patterns remained relatively unchanged when between 1 and 3 cpd. The non-Fourierthresholdwas about 1.4times higherthan the Fourier threshold.At the peak spatial-frequencyof 6 cpd, both Fourier and non-Fourierspatial-frequencydiscrimination thresholds increased. The increase of the Fourier threshold was sharper than that of the non-Fourier, so Fourier and non-Fourierthresholdswere similar at 6 cpd.
The effect of stimuluspresentation duration
Motivatedby previous evidence ; The stimulus conditions and the meaning of the error bars were the same as those described in Fig. 4 . On average, thresholds remained relatively constant when the D6 peak spatial-frequencywas lower than 3 cpd, and moderately increased thereafter. The thresholdsof non-Fourierpatterns was about 1.4 times higher than that of Fourierpatterns if 6 cpd D6 was not considered. Derrington et al., 1993; Wilson & Mast, 1993 )that nonFourier patterns require extra time to be processed, we also measured the discrimination thresholds at two shorter stimulus presentation durations, 100 and 33.3 msec, for 3 cpd D6 Fourier and non-Fourier patterns. Figures 6 and 7 show the orientation discriminationand the spatial-frequency discrimination thresholds, respectively, for three subjectsand their average as a functionof stimulus presentation duration. For both tasks, all three subjects performed relatively well with Fourier patterns at these shorter durations with their thresholds almost unchanged (solid circles, dashed lines in Figs 6 and 7) . However, the performancewith non-Fourierpatternswas greatly degraded at short durations (open circles, solid lines in Figs 6 and 7). On average, when duration was reduced from 500 to 33.3 msec, the performance of the non-Fourier mechanism was degraded more than that of the Fourier mechanism by a factor of 3.5 for both discriminationtasks.
To eliminate the possible influence of the lower apparent contrast of the non-Fourierpatterns, the thresholds were remeasured with pattern contrasts adjusted to the same multiple of their detection thresholds for two subjects (LML, TAC). The contrast detection thresholds of the Fourier pattern were 1.4 and 1.1% for subjects LML and TAC, respectively.For the non-Fourierpattern, we measured the minimum contrast modulation, indicated by the contrast of D6 envelope (CNF),needed for detection. The values were 9.4% for subject LML, and 11.2% for subject TAC. When the envelope contrast of the non-Fourierpattern was set at maximum 100%,it was thus 10.7 times higher than the detection threshold for LML and 9.0 times higher for TAC. Therefore, the contrast of the Fourier pattern was set to be 14.770for LML and 9.9% for TAC. Figures 8 and 9 show the results.Although the Fourier performancewas no longer constant, in three out of four cases, the non-Fourier discriminationperformancewas still degraded more than the Fourier performance at the shorter duration. In the fourth case, results were parallel. Therefore, the lower contrast relative to threshold can not fully explain why the non-Fourier performance was greatly degraded at brief durations.It may, thus, be concluded that the extra time needed for fully processing non-Fourier patterns, results from the additional rectification and filtering stages in Fig. 1 .
Oblique eflectfor orientationdiscrimination
To check whether there is an oblique effect in the nonFourier pathway, we measured the orientation discrimination thresholdsfor 3 cpd, 45 deg oriented Fourier and non-FourierD6 patterns [ Fig. 2(b) and (d) ]. As shown in Figure 10 compares the oblique results with thresholds obtained using vertical D6s. It is clear that there were oblique effects for both kinds of patterns, but the oblique effect for the non-Fourier pattern was stronger than that for the Fourier pattern. On average, the thresholdsof oblique patterns were 1.9 and 2.6 times higher than those of vertical patternsfor Fourier and nonFourierpatterns,respectively.In other words, the oblique effect for non-Fourierpatterns is about 1.4 times stronger than that for Fourierpatterns.This ratio is similarfor both subjects, although subject TAC had a stronger oblique effect.
Influence of the jirst-stagejilter on non-Fourierorientation discrimination
To investigatewhether there is an influenceof the firststage filter on non-Fourierorientationdiscrimination,we measured the orientation discrimination thresholds for pairs of different non-Fourier patterns with different carriers but the same vertical D6 modulating envelope. We wonderedwhether activationof differentnon-Fourier first stage filters would lead to different envelope orientation discriminationthresholds.The threshold was first measured for a 3 cpd vertical D6 which contrastmodulated a 12 cpd cosine grating oriented at 45 deg [ Fig. 3(a) ]. The result, compared to that with a horizontal cosine grating carrier, is shown in Fig. 11 . Two subjects (LML, PLH) had a slight oblique effect with a factor of about 1.2. The other subject (TAC) consistently had a strongerobliqueeffect by a factor of 1.9. On average, the orientation discrimination threshold with an oblique modulated cosine grating was 1.4 times higher than that with a horizontalmodulated cosine grating. This ratio is less than that of the oblique effect obtained with 45 deg D6 modulating horizontally oriented cosine gratings (2.6).
Thresholds were also measured for 1 cpd D6 nonFourier patterns having a 4 or an 8 cpd modulatedcosine grating [ Fig. 3(b) ]. Compared with the thresholds obtained with the non-Fourier pattern produced by a 1 cpd D6 but a 12 cpd modulated cosine grating, the thresholds measured here were virtually unchanged. Therefore, within the spatial-frequency range we have tested, the spatial-frequency of the modulated cosine grating had almost no effect on the non-Fourier orientation discriminationtask.
DISCUSSION
The results we obtained with Fourier patterns were consistentwith other studies. The thresholds of orienta- Duration (ins.) Duration (ins.)
FIGURE8. The orientationdiscriminationthresholdsof Fourier(solidcircles, dashedlines) and non-Fourier(opencircles, solid lines) vertical patterns at the equatedcontrastconditionfor two subjectsas a functionof duration.Exceptfor the contrastswhich were set at the values shownin the legend, other stimulusconditionswere the same as those described in Fig. 6 . The error bars represent the standard error of the mean. Althoughthe thresholdsof the Fourier pattern were slightly elevated at duration 33.3 msec, they were still less degraded than that of the non-Fourierpattern.
tion and spatial-frequency discrimination for a 3 cpd with spatial-frequency was also demonstrated by Burr Fourier D6 measured here were approximately 0.5 deg and Wijesundra (1991) with sinusoidal gratings. This and 4'%,respectively. These values are compatible with result is consistentwith the prediction of a line-element those in the literature (e.g. Heeley et al., 1989; Yo et al., modelproposedby Wilson and Gelb (1984) and extended 1989; Burr and Wijesundra, 1991) . In addition, the to two-dimensions by Wilson (1986 Duration (ins.) Duration (ins.)
FIGURE 9. The spatial-frequency discrimination thresholds of Fourier (solid circles, dashed lines) and non-Fourier (open circles, solid lines) vertical patterns at the equated contrast conditionfor two subjects as a function of duration. The stimulus conditions and the meaning of error bars were the same as those described in Fig. 8 . The data for subject LML (left panel) showed a trend similar to that obtained in the orientation discrimination task. That is, the threshold of the Fourier patterns, although elevated, was less degraded than that of the non-Fourierpattern at brief duration of 33.3 msec. The thresholds for subject TAC, however, were degraded to a similar extent for both types of patterns. dependent on the differential responses of underlying mechanisms,which correspondsto the slopeof the tuning profiles.As demonstratedby Phillips and Wilson (1984) , the orientation bandwidths of underlying mechanisms tuned to higher spatial-frequencieswere narrower than those tuned to lower spatial-frequencies. The slope, therefore, is steeper for higher spatial-frequencies, leading to smaller thresholds at higher spatial-frequencies. This appears in our data. For spatial-frequency discrimination, our results showed a relatively constant performance for patterns with a peak spatiaI-frequency lower than 3 cpd and a modest increase thereafter. These resultswere also in agreementwith the literature (Heeley et al., 1989; Yo et al., 1989) . In addition,it is well establishedthat there is an oblique effect for the orientationdiscriminationtask (Orban et al., 1984; Regan & Price, 1986; Vogels & Orban, 1987; Heeley & Timney, 1988) .Our data also demonstratedthis.
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Orientation of Cosine Gratings FIGURE 11. An oblique effect of the first-stage filter on non-Fourier orientationdiscriminationtask. When the carrier (cosine gratings) was rotated to 45 deg [ Fig. 3(a) ], the orientation discriminationthreshold, on average, was elevated 1.4 times compared to that with horizontal carrier [ Fig. 2(c) ].
As there were no differences found betsveenpsychophysically determined bandwidths of mechanisms tuned to verticaland 45 deg orientations (Phillips&Wilson, 1984) , it is very possiblethat the oblique effect is due to greater numbersof corticalneuronsselectivelytuned to principal axes, rather than to oblique axes (Mansfield & Ronner, 1978; Mansfield,1974) . Regarding the non-Fourier mechanism, the higher discrimination thresholds for non-Fourier patterns (1.2 deg for orientation discrimination and 6% for spatialfrequencydiscrimination)suggestlower sensitivityof the non-Fourier system than the Fourier system. The nonFourier system may have broader bandwidthsin orientation and spatial-frequency tuning curves, which reduce the discriminationabilityof the system.It is also possible that the poorer performance was a result of reduced contrast gain, or the result for both contrast gain and bandwidth changes. However, the similar trends of discriminationthresholdswith D6 peak spatial-frequency and the existence of an oblique effect for non-Fourier patterns, suggest that there might be no qualitative differences between the second-and first-stage filters. Furthermore, even after the visibility was equated, the degradation of non-Fourier performance at brief durations is consistent with the model prediction that extra time is required for the additional rectification and filtering operations (see Fig. 1 ).
Data obtained from the present study also indicate oblique effects of envelopeorientationdiscriminationfor filters of both stages. The cause of the oblique effect for the first-stagefilter is speculated as the combined effect of detecting an oblique Fourier carrier and changing the relative angle between the carrier and the envelope. Although each type of first-stage filters might have connectionsto several second-stagefilterswith different preferred orientations, the relative angle, when being changed to 45 deg, might become non-optimal and, therefore, the strength of the rectified response along the envelope was reduced. In other words, the detection of the envelopewould be impaired, if the angulardifference between the carrier and the envelope was not optimal. The obliqueeffect for the second-stagefilter,on the other hand, might result from several factors in addition to the relative angle. For example, it might result from the greater number of cortical units tuned to the principal axes, from the lower sensitivity of oblique filters, or simply from broader bandwidths of the underlying mechanisms tuned to obliques than that of mechanisms tuned to vertical or horizontalorientations.If the oblique effect is due to the number of the cortical units, for the stronger oblique effect relative to that for the Fourier system, then there should be more convergence happening in the connections from the first-stagefilters (Vi) to the second-stage oblique filters (V2) than those to the second-stagevertical and horizontalfilters(V2). As there are fewer, if not the same number of, cells in V2 than in VI (Horton & Hoyt, 1991; Van Essen et al., 1992) , this observation suggests an even more economical and efficient way for processing the information around the principle axes.
Another possible explanation of the oblique effect of the second-stage filter of the non-Fourier mechanism comes from considering the length of a receptive field which plays a role in orientation bandwidth determination. Based upon masking experiments conducted by Wilson and his colleagues (Wilson et al., 1983; Phillips & Wilson, 1984) , two-dimensional vertical receptive fields (of the Fourier mechanism) might be characterized by separable Gaussian functions as follows: All the values of the parameters were determined psychophysically and can be found in Wilson (1991) . Phillips and Wilson (1984) found that OY = 3.201 fit their orientation masking data best. If one assumes that this model also holds for the first-stage filter in the nonFourier mechanism, and only parameter modifications are needed for applying this model to the second-stage filter, then the oblique effect of the second-stage filter, when being attributed to broader bandwidths, can be interpreted as the result of smaller rJYSfor oblique receptivefieldsat the second stage. In other words, at the second stage, aYsvary with receptive field orientations, which is different from the case in the Fourier mechanism. Under those assumptions, however, no optimal aY that would produce the empirical discriminationthresholds obtained in this study was found. Therefore, additional causes for the oblique effect should be combined. We subsequentlyassumed that the sensitivity for the second-stagefilter was proportional to its length (a,). The estimated rJYof the 45 deg-oriented receptive fieldswas approximatelythree times shorter than that of the vertical receptive fields. The detailed calculation is given in the Appendix.
As a further test of the hypothesis that there is an obliqueeffect for the second-stagenon-Fourierfilters,we also measured the oblique effect for D6 contrastmodulated random-dot patterns. By using random dots as carrier, the influence of the carrier orientation was minimized. Results still showed an oblique effect, but it was not as salientas before. The thresholdfor the oblique pattern was around 1.5 times higher than that for the vertical pattern.This is further evidencefor the existence of an oblique effect in the second-stage, non-Fourier filters.
In conclusion, our results show that good pattern discrimination is possible with contrast-modulatedpatterns. The performance was worse than that for luminance Fourier patterns by a factor of approximately 2.3 times for orientationdiscrimination,and 1.4 times for spatial-frequency discrimination. These numbers are compatiblewith that obtained in a curvature discrimination task (2.4, Wilson & Richards, 1992) , and with that obtained in an orientation discrimination task using illusory contours (around 1.5, Vogels & Orban, 1987) . Our data also demonstratedan oblique effett for filtersat both stages in the non-Fourier pathway. Furthermore, worse performance with non-Fourier patterns at brief durations provided further evidence for the two-stage, non-Fouriermodel.
